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ABSTRACT

An experimental investigation'ﬁas undertaken in order ?o,determine
how finite homogeneoﬁs reaction rates affect energy transfer rates in the
case of fully developed turbulent tube flow. Both the time-average and
turbulent scalar properties of the nqnequiliﬁrium reacting flow were B
‘measured and compared to similar data obtained for the case of nonreacting -
turbulent tube flow. Special instruméntation and a recirculating flow
system were developed for use with the gaseous reaéting N02 system at
elevated temperatures and pressures. —The results showed how the existing -
model for predicting the effect of reaction rate om hééévtfénsfer rate .
must be‘modified in order ‘that better agreemént‘can be obtained betweeﬁ
the theorétical pré&iétioﬁéréndvéhe éxpériﬁentél aéta.rtThé fﬁfguienée
measurements showed that the concentration énd‘téﬁperétﬁfevflﬁctUatidﬁfbe
intensities are unusually large when the flow is undergoing a homogenéous
nonequilibrium reaction compared with the intensities measured in a
similar, but nonreacting, flow. This result helps, in part, to explain
why the existing—prediétion‘@édel iS,Of limited utility. Areas reqﬁiring

further investigation were delineated.
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SECTION 1 | o

INTRODUCTION

1.1 BACKGROUND

! There are numerous practical situations in which a knowledge of the

heat transfer rate to or from a chemically reacting flow is needed. The
prediction of the cooling requirements for heat exchangers on rocket
combustion chamber walls, the prediction of heating or cooling requifements
for flow reactors, and-thé prediction of heating loads on re-entry bodies
are examples of design situations which requiré workable methods for
detefmining the extent to which the chemical reactions in the flow stream
affect the heat transfer rates (flow in conduits or flow over bodies).

The approach required for treating each situation must be tailored to not
only the fluid mechanics of the flow field (laminar or turbulent,
developing or fully developed, mass addition at the wall, pérticles or .
droplets in the flow, etc.) but must also be consistent with the chemistry
(binary or multicomponent, irreversible and/or reversible reactions, homo-
geneous and/or heterogeneous reactions, chemical equilibrium or nonequili-
brium conditions prevailing, plasma or neutral chemistry, etc.) as well as
any other peculiarities of the heat transfer situation (ablation, radia-
tion, etc.) which may be present in the flow system of interest. Work on
elementary aspects of the prdblem was not reported beforé the mid-1950's.

Since that time considerable attention has been devoted to the problem

including studies of heat transfer for both laminar and turbulent reacting

flows and for the three different modes of heat (or energy) transfer —
conduction, natural (or free) convection, and forced comvectiom.
Several reviews of the probiem have been mader(l)(Z)(B)(4). For

convenience, a considerable number of experimental studies in the labora-




tory have used the reversible, homogeneous, equilibrium dissociatinng
N204 22 N02 system (endothermic) at 1 to 2 atm to;al presSure in the
temperature range of 100 to 570°F" and the nonequilibrium dissociating

2 N02 2 2 NO + O2 system (endothermic) at 1 td‘10 atm total pressure and
700 to 1200°F**. These include the work of Mason and coworkers (1)(5)(6)
(7)(8)(9) (10), Brokaw and coworkers (2)(11)(12)(13), Smith and coworkers
(14) (15) (16)(17), Presler (18), and Brian and coworkers (19) (20) (21) (22) (23).
Some studies have also been done with the irreversibly dissociating ozone '

system, 2 0, — 3 02 (exothermic; system diluted with 02), by Edwards and

Furgason (22)(25).

In thé case of reversible, equilibrium, homogeneous reacting systems,
various studies (1)(6)(7)(10) (11) (18) have clearly shown that conventional
heat transfer correlations for the turbulent flow of nonreacting gases are-
applicable if the proper substitution of thermédyﬁamic and transport
properties and driving forces (to specific enthalpy) is made in the
dimensionless correlations and if the fluid properties are evaluated at a
suitable film temperature. Exact calculations can give an adequate
representation of both the laminar flow situation (16)(17) and of the

stagnant film case (8)(12) even if a nonequilibrium reaction is occurring. -

In the case of reversible nonequilibrium reacting systems in turbulent.
‘flow, Brian and coworkers (19)(20)(21)(23) have developed several models,
baéed on various assumptions, for the prediction of the heat transfer rate
between the wall and the fluid. In Table 1 a listing of each of the key
assumptions associated with these models is presented.*** A comparison
méde between the results calculated for the film model (I) and results
calculated for the model which incorporated eddy diffusivities based on

nonreacting tube flow data (II) showed that for NLeg ~ 1 systems, the film

Characteristic chemical reaction times for this system at these
conditions are on the order of 10-% seconds.

" Characteristic chemical reaction times for this system at these
conditions are on the order of 1 to 10-2 seconds.

&k ’ :
Symbols are defined in the Nomenclature.

-2-
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thebry was indeed a good approximation. No experimeﬁtaladaté for tube
flow were available to check this fesult. The effect of finite driving
force was also investigated. In Figure 1, calculations are presented
which show a comparison between the AT finite case and the AT = O case.
The dimensionless heat transfer coefficient ratio, ¢, 1s shown as a
function of the characteristic time ratio (molecular diffusion to chemical
reaction), /m. As /m — 0, the system approaches the "locally frozen" or
nonreacting state. As /m — o, the system tends toward the chemical equi-
librium state. In between these two states, the system exhibits nonequi-
librium behavior.* The solid lines are the results calculated for the
case of AT = 190°F (21). The significant effect of the equilibrium thermal
conductivity on the calculated results is apparent. The dashed line was
calculated for the case of AT — 0 (19). A comparison of the results for

g (= 4.0) shows that in the /m < 2 range the
theoretical line for the AT — O case is shifted from the line for the AT

the’same value of k/k

finite case to higher values of /m.

The only data which are available for checking the validity of the
models listed in Table 1 are the data oBtained by Bodman.(ZZ)(ZG) for the
case of turbulent'flow outside a rotating heated'cylindér immersed in a -
chamber of stagnant gas. The experiments were made with dissociéting NOZ'
The experimental results were compared with both the film theory (22) and
with the predictions derived from a model specifically developed for flow _
outside a rotating cylinder (23). Most of the data agreed with the film
theory predictions within + 10% (a few of the results deviated from the
calculatel results by as much as 25%). Calculated results deriﬁed from
the model based on an eddy diffusivityr(23) were in close agreement
(< 4%) with the film theory result for values of M < 50 (] ~ 4 in the ‘Noz'; '
dissociating system) over a wide range in Reynolds number. Since the gas

LY P I

Note that h*, or the measure of resistance film thickness, appears in both
the ordinate and the abscissa of the figure. Thus the gross fluid
mechanical features are essentially divided out and the primary informa-
tion left is the effect of reaction rate on heat transfer rate.
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far from the surface of the rotating cylinder was essentially stagnant,

;the assumption of chemical equilibrium in the bulk was valid.

_No data are available for testing the assumptions embodied in the
model.(II) derived for fully developed turbulent tube flow (20). 1In .
particular, the steady state reaction rate assumption of this model has

not been experimentally checked,

. The investigations referred to so far in this review were concerned
only with the time-average pfoperties of turbulent reacting flows of the
"self-mixing" type (27). Various approaches toward gaining an under-

- standing of how both the time-average and fluctuating quantities (scalar.
and momentum) in a turbulent flow are affected by chemical reactions havé
been made by several investigators (28)(29)(30)(31)(32). The results so
far obtained via the statistical turbulence theory approaches, whiile
showing promise for ultimately providing prediction tools for design
purposes, have not yet provided a practical alternative to the models
which have neglected the details of the turbulent mixing processes and
have resorted to the use of eddy diffusivities measured for nonreacting

flows.
1.2 PROGRAM OBJECTIVES

Because of the limitations of the available models for predicting the
effect of reaction rate on turbulent heat transfer rates, and because of
the essentially complete lack of experimental data (particularly in the
case of tube flow) for critically testing any model, an experiﬁental
research program was undertaken with the overall objective of determining
how finite homogeneous reaction rates can affeét energy transfer rates for

the practical case of fully developed turbulent tube flow.

The approach taken in this investigation consisted of the following

steps:

a. Selection of an appropriate homogeneous reacting system for

©  use in laboratory experiments

=6~



Selection, based on the results of heterogeneous kinetics
measurements, of those materials of construction whose
surfaces will neither react with the selected gaseous sys-.
tem at the temperatures and pressures of interest nor alter
its homogeneous reaction rate (heterogeneous or catalytic

effect)

Calculation of the required thermodynamic and transport
properties (the homogeneous reaction rates of the selected

system must be well known)

Design, fabrication, and test (with air) of a recirculating
flow loop for heat transfer measurements with the selected
system over the ranges of temperature, pressure, and flow
rate required for the system to exhibit nonequilibrium

behavior

Measurement of the heat transfer rates in the nonequilibrium
reacting system over a range of temperatures, pressures, and

flow rates

Development of an optical probe for measuring the local
concentration of one of the chemical species participating

in the reaction

Development of a fast response temperature sensor for use in

measuring the local temperature

Measurement of radial profiles under various heat transfer

conditions using these instruments

Analysis of the data obtained from these experiments
including: comparison of experimental data with the pre-
dictions of available models, consideration of the existence
of an analogy between turbulent energy and momentum trans< -
port in nonequilibrium reacting systems, estiﬁation and

comparison of eddy diffusivities, and consideration of the



implications of statistical turbulence theory.

The experimental program undertaken in order to complete these steps

is described in Section 2. The results are presented in Section 3.

-8-




SECTION 2

EXPERIMENTAL

2.1 PROPERTIES OF THE REACTING SYSTEM
2.1.1 SELECTION OF REACTING SYSTEM

Based on a survey of the homogeneous kinetics literature and the
results of selected thermodynamic calculations [ge(T,P), AﬁR/RT], the

dissociating NO2 (2 NO, = 2 NO + 02) and dissociating NOC1(2 NOCl =

2
2 NO + Clz)were found to be the most promising candidate systems for use
in the experimental studies. Both systems exhibit the required charac-
teristic reaction times at temperatures and pressures not far from ambient
conditions. In addition, the effect of the reaction on the equilibrium
thermal conductivity of each of these systems is expected to be significant.
Finally, the calculation of the various thermodynamic and transport
properties required for the analysis of the heat transfer data‘was expected

to be relatively straightforward. 1In the final analysis, the NO, system

was selected primarily because heterogeneous effects were known io occur
in the nitrosyl chloride system at higher temperatures, while such effects
were not expected in the case of the nitrogen dioxide system. Also, some
thermodynamic and transport property data had already been reported for

the equilibrium reacting NO, system. Other systems which were considered

2
but which were ultimately eliminated for various reasons included the

37 SOZC12, and SO3 systems.

2.1.2 HETEROGENEOUS EFFECTS ON THE NO2 DECOMPOSITION

. Even though the literature on the kinetics of decomposition of NO

dissociating N204, HI, NH

2
show that the reaction is second order and homogeneous (33)(34)(35), no

kinetic data were reported for this system in contact with materials such



as stainless steel — a useful material for construction of the heat

transfer loop.

Differential pressure measurements were made of the Fate of N02
decomposition in contact with various materials compared to its rate of
decomposition while in contact with quartz at the same temperature and
total pressure and in the same surface to volume ratio expected for the
test section of the heat transfer loop. A summary of the
‘rate constant déta, expressed as éiéatio ofvthé homdgeﬁebué rate of
decomposition divided by the measured increase in this rate (expressed in
terms of a first order.rate constant) caused by the presence of a clean
surface of the material in question in contact with the NOZ’ is given in
Table 2. The stainless steels, nickel, aluminum, Inconel, and platinum
were all found to lack catalytic activity. In all but the later case, a
protective non-catalytic film (oxide and/or nitride) was formed at
temperatures less than 600°F. The film appeared to be stable with
respect to thermal and mechanical stresses and tended to provide a non-

catalytic coating with respect to the N02 decomposition.

- Corrosion tests carried out with both 316 stainless steel and aluminum
at ~ 600°F and 4.6 atm in-dry NO, for eﬁtended periods of time showed that,
other than the formation of a slightly discolored film on’the surface, the
stainless steel had not changed in weight and was not corroded. On the

other hand, the aluminum exhibited severe surface pitting.

Based on these results, 316 stainless steel was selected for the
material of construction of the test loop, the total head probe, and the
static temperature probe.

2.1.3 THE THERMODYNAMIC AND TRANSPORT PROPERTIES OF THE DISSOCIATING NO

SYSTEM 2

The thermodynamic and transport properties of both the frozen and
equilibrium reacting N02 system used in this investigation were those
calculated by Svehla and Brokaw (13)(36). The properties were tabulated

for temperatures from 300 to 1280°K in 20°K increments and for pressures



" TABLE 2

CATALYTIC EFFECT ON THE NOp DISSOCIATION OF
VARIOUS MATERIALS COMPARED TO QUARTZ

Material P
o

(mm Hg)
316 Stainless Steei+ 46
40
127
Aluminum+ 64
‘ 46
Nickei+ 51

I 60
Graphité+ 60
34
114
Steel” 56

e o , 4 :

304 stainless Steel 44
70
154
Inconei+ 64
83
"Pure" Platinum 66
(99.95%) 81
Thermocouple Platinum 70
{99.99%) 52

+Surface/volume = 1.08 cm—l.

0.044 cm” L.

++Surface/volume

L

nitrogen dioxide.

=11-

“Run was made without previously exposing

?o kDCo
(OC)‘ -kw
324 49
326 >200
349 >200
325 >200
325 >200
*
326 1.6
327 >200
332 0.24
329 0.68
334 2.4
325 7 0.92
e *
327 2.2
326 >200
325 >200
%
325 6.5
326 >200
*
328 124
331 >200
*
325 65
325 >200

the metal to




from 0.0l to 100 atmospheres. In the pressure“fangéiﬁf‘iuté 11 étm;Aéllpw
of the properties were tabulated at increments of 1 atm. These results
are in good agreement with those obtained by Fan and Mason (37) for the
same system at 1 atm total pressure. In formulating the Damkohler number
(second type) and /m, it was necessary to have values for the binary
ordinary molecular diffusion coefficients. These were obtained from

Brokaw and Svehla (36) and Bodman (26).

IUVaiues ofvie, the equilibrium degree of advancement (related to the
‘fraction dissociated), of both the N204 and N02 decompositions is shown in
Figure 2. Also in this figure, the equilibrium and frozen thermal
conductivities are shown for the two dissociating systems as a function of

temperature for 1 and 10 atm total pressure.

2.1.4 THE HOMOGENEOUS KINETICS OF THE NO, REACTING SYSTEM

2
The forward and reverse specific reaction rate constants for the NO2
reacting system have been measured by a number of different investigators
(33)(34)(35)(26). The data compiled by Bodman (26) is shown in Figures 3

and 4.

It is of interest to note how the fraction of N02 decompdsed depends
on time and temperature. Calculated results obtained for 1 atm using the
forward reaction rate data of Rosser and Wise (33), and the equilibrium
constant data of Giauque and Kemp (38) are given in Figure 2 (1). It is
apparent from these results that the characteristic chemical reaction time
for NO2 decomposition is between 0.1 and 1 sec for temperatures between
1200°F and 800°F. These times are decreased as the total system pressure

is increased.
2.2 FLOW SYSTEM

A number of preliminary calculations were made using the model of
Brokaw (13) in order to determine the conditions which must exist in the

heat transfer test section in order for the dissociating NO, system to

, 2
exhibit nonequilibrium behavior. The results of these calculations

-12-
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clearly showed that the system must operate at temperatures as high as
1200°F and over a range of pressures from 1 to 10 atm for Reynolds numbers
greater than 3,000 if nonequilibrium conditions were desired in the region
between the wall and the core of the tube flow. A two-inch I.D. test
section size was chosen in order that probes with support tubes as large
as %" in outside diameter would not cause excessive blockage and

distortion of the flow.
2.2.1 PIPING SYSTEM AND GASKETS

A schematic layout of the recirculating test loop is shown in
Figure 5. All metallic parts were constructed of 316 stainless steel.
The key overall dimensions of the loop, including the nominal pipe sizes
are shown in Figure 6. All main piping connections were made with flanges‘
and "Flexitallic" gaskets (layered chevron construction of blue asbestos
and‘étainless steel) rather than screwed connectioﬁs.r The number of
flanged joints was kept to a minimum in order to reduce the leakage
control problem. Pipe wall and flange thicknesses were selected according
to standard ASME 300 psig design in order to account for the elevated
teﬁperatures needed at the maximum expected test pressure of 150 psig.
Expansion joints were required at the several locations shown in Figure 5.°
The piping system was thoroughly cleaned before NO2 was brought into con-

tact with it.

As is shown in the top part of Figure 5, a plenum section (contalnlng
screens, straightening vanes, and a contoured contraction) preceded the
three portions of the test section and was designed to properly prepare

the flow for its passage into the test section.
2.2.2 TURBOBLOWER WITH MECHANICAL SHAFT SEAL

The prime mover for the system was a 3 horsepower, 4 bearing, overhung
turboblower™ rated at 100 ICFM for 1 psi with gas of specific gravity equal
to 1.588 at 800°F and 175 psia (an approximation to the upper operating

%
Manufactured by the Spencer Turbine Co., New Haven, Conn.

-16-
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Climit anticipaféd with the NO, system at the blowéf); The blower had 4"

flanged inlet -and outlet connzctions and was also provided with a 1"
bypass line valved so as to provide flow rate control down to very low
flow rates. Primary control of the flow rate was accomplished with a
"Waridrive' variable speed motor system directly coupled to the blower

shaft.

‘ Theﬂseal between the hot reacting gases in the blower.shell (at
preSsﬁres to 10 atm) and‘atmospheric air was accomplished with a mechanical
seal (Sealol #605 double bellows seal) cooled externally with water and
attached to the rotating shaft of the blower. The gas seal occurred at
the interface between a polished graphite ring rotating againét a polished

'Stellite'éﬁrfééé"fikéﬂwfauiﬁe blower shell. Great difficulty was enéoﬁntgred>

in effecting an adequate seal until various design modifications were made
btb the seal housing, the mounting plates, the static gaskets, and the
bellows supports. Also, it was found that the alignment in all directions
of the seal and shaft relative to the blower shell was an extremely
critical facter in achieving the seal. The blower is now capable of
running for extended periods of time with its shell heated to a temperature
as high asv725°F without any significant leakage at thé seal. What small .
N02 leakage does occur at the seal is not a hazard as the gas readily

dissolves in the seal cooling water flow and passes to the drain.

A view of the turboblower is shown in the foreground of Figure 7.
This.figure shows the system before addition of the heating elements,
instrumentation, cooling lines, guard heaters, etc. The lower portion of
the test section and the exit plenum are visible in the background. A two
level platform system was built in order to provide access to the various
parts of the vertical sections. A view of the system after the insulation

and cooling lines had been installed is shown in Figure 8.
2.2.3 HEATING AND ASSOCIATED CONTROLS

The heating was accomplished with ~ 30 kw of ac power supplied to

nichrome wire embedded in semi-cylindrical annular elements cast from

-19-
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alumina. The heating elements were each 1 foot 1ong;wcohfofmed cloééiy-gam
the outside dimensions of the pipe, and were capable of dissipating ~ 1 kw
of eleétrical power. The general distribution-around the piping system is
shown in Figure 5. The five 1-foot long heating elements in the center '
test section were controlled by proportional-mode type controllers so as
to produce a desired back wall temperature (kept constant along the test
section length). The other ten héating elements in the entrance and exit
sections were controlled manually with autotransformers. Both on/off
controllers and a large autotransformer were used to control the preheater
elements. The "fine'" or trim heater located at the entrance to the top
plenum.was controlled by a Leeds & Northrup controller containing
proportional, reset and rate modes of control. Control of the bulk gas
temperature entefing the top plenum was better than % 1%F. A portion of
the electrical power control panel in the early stages of assembly of the

system is shown in Figure 7.

Several of the cast alumina heating elements used on the test section
(nominal 2" double extra heavy pipe honed out to 1.952" on the I.D.) were
provided with holes in order to provide access for the probe holders and
thermocoubles spot welded to the back wall of the pipe. Numerous .
Chromel-Alumel thermocouples were located throughout the system in order
to monitor the temperature and in order to adjust the manual controls

accordingly.
2.2.4 NUCLEATE BOILING HEAT EXCHANGER

In order to cool the gas leaving the exit plenum down to a temperaturé
compatible with the turboblower, a 2'" tube in 12'" shell heat exchanger
connected in parallel with a ball valve controlled 4" bypass line was
instalied upstream of the turboblower inlet. Boiling water with the steam
pressure controlled to 25 psig was found adequate for the various experi-
ments so far completed. The liquid level in the shell was automatically
controlled so as to maintain a level above the top of the center 2" pipe.

The shell was designed so as to withstand pressures as high as 200 psig,
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‘thﬁémbéfmittihg a much larger cooling cébééify'EBAﬁ was éctuaiiy.foﬁﬁa o

necessary. _ ’

All portions of the piping system were insulated with a 4" thickness
of magnesia insulation. An approximately 2" thick blanket of magnesia

insulation was wrapped around the turboblower shell as well.’
2;2.5 PROBE HOLDERS AND ASSOCIATED SEALS

In Figure 9 the location of the heating elements, instrumentation
probes, static pressure taps, and the trip plate are shown. Also, a

number of the important dimensions are shown in this figure.

Eéch of the probes used to obtain the radial profiles (TC, PT, and OP)
was installed in a probe holder assembly. The outer cylindriéal housing
of this assembly was sealed with a small "Flexitallic" gasket to the test
,séction wall., The assembly itself consisted of a barrel statically
sealed to the probe with a compression fitting which was in turn sealed,
with two Viton A o-rings in tandem, to the cylindrical housing. The
o-rings provided a sliding seal. The cross section of the cylindrical
housing was significantly reduced in the immediate vicinity of the test
section wall, At that point a guard heater was installe& in order to mini-
mize the loss of heat from the test section wall by conduction to the 4
ambient surroundings and to assist in maintaining a uniform temperature on
the inside of the test section wall at the probe entry point. The tempera-
ture of the cylindrical housing near its flanged end at the test section
wall was monitored with a thermocouple. The electrical power to the
electrical resistance-type guard heater was manually adjusted so that this
temperature was comparable to that measured at the outside wall of the
test section. Farther back from the guard heater a small cooling coil was
fitted to the outside of the cylindrical housing in order to maintain the
temperature in the vicinity of the o-rings at a level which would insure
their proper functioning as seals (< 400°F); Each probe assembly was
fitted with a calibrated drive system and displacement gauge sensitive to

translations of 0.001". The entire ensemble made it possible to obtain

-23-
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pargm sy 2

reasonable‘radial profile data under quite hostile conditions.
2.3 INSTRUMENTATION
2.3.1 PRESSURE AND PRESSURE DIFFERENCE MEASUREMENTS

Since the vapor pressure of the NO, system is such that at 10 atm

2

total pressure the boiling point of liquid N204 NO is on the order of

‘80?0,’care had to be taken to insure that liquid droplets did not obstruct

the pressure lines connected to the system. This was accomplished by

connectlng each pressure 11ne to a drlp pot assembly (18) at a p01nt close

to the flow system 1tse1f and by guard heatlng to over 100 °c the 1nterconnect1ng_
pressure line between the system and the drip pot as well as the drip pot
itself. The pressure line connecting the drip pot to the pressure sensor
was in each case of considerable length. At the start of each experiment

these lines were filled with dry N, in order to provide a buffer between

2

the sensor and the drip pot. In no experiment was NO, vapor detected at

2
the sensor location. 1In some cases, erratic pressure difference measure-

ments were thought to be caused by the hold-up of liquid N204 NO in the |

/
pressure lines, possibly at some point between the drip pot and the sensor. |

When erratic results were being obtained, the simple expedient of purging
with N2 under pressure was used to clear the lines. This usually restored )

the system to its normal condition.

Total system pressure measurements were made with precision stainless
steel bourdon tube gauges. All pressure difference measurements were made
with the specially designed nulling-type micromanometer shown in Figure 10.
Water was used as the displacement fluid. Displacements were measured to
within 0.001". Total displacements of up to 8 inches could be measured
with this device. Both fine and coarse translations of the sloping glass
capillary tube could be made. Accurate measurement of small pressure
differences was required for the determination of mass flow rates with the
aid of the orifice plate installed downstream of the blower outlet, for
the determination of the static pressure drop down the test section (static

pressure holes in the test section wall were 0.0135" in diameter), and for

-25-
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the determination of the local velocity in the test section with the aid
of the total head tube and appropriately located static pressure tap (see

Figure 9).

The orifice plate was of standard square edge design (orifice flange
with orifice diameter of 2.15" — flange installed in a nominal 3" schedule
40 pipe). The sensing end of the total head tube was constructed of
standard stainless steel hypodermic tubing (outside diameter >~ 0.050" or

0.065", internal diameter = 0.034" or 0.040", respectively).

"+ 2.3.2 MEAN TEMPERATURE AND HEAT FLUX MEASUREMENTS

The time-average radial temperature profiles were measured with a butt
welded exposed junction of Chromel-Alumel thermocouple wire. The wires
were sealed in a stainless steel support tube filled with magnesia and
swaged td effect a pressure tight seal around each of the wires. In some
of the latter experiments, the fast response thermocouple probe (see
Section 2.3.3) was also used for’time-average profile measurements., It
consisted of an exposed junction of Platinum/Platinum-10% Rhodium. In
both cases the junction was in the shape of a sphere several times 1argér
than the supporting wire diameter. The sizes for the Chromel-Alumel N
couple were: sheath outside diameter = 0.062", wire diameter = 0.011",
and junction diameter = 0.020". All temperatures were measured with a
precision potentiometer (Leeds and Northrup Model K-3). The overall
accuracy of the time-average tempefature measurements was estimated to be

within 0.1°F.

. Wall heat fluxes were determined by measuring the electrical power
dissipated in a 1 foot long heating element (consisting of two semi-
cylindrical halves) located just upstream'of the probe insertion position
in the center test section (see Figure 9). Longitudinal losses in the test
section wall were accounted for with the aid of axial back wall temperature
meésurements via spot-welded thermocouples (leads from the junction were
"guard heated" by being aligned with and attached to the back wall for

several inches away from the junction). Losses through the four inch

-27-



thickness of magnesia insulation were accounted for by measuring the
temperature at two different depths in the insulation. 1Inside wall
temperatures at the steady state were determined by calculation knowing
the net heat flux into the test section wall, the back wall temperature,
the wall thickness, and the dependence on temperature of the thermal
conductivity of the wall material.. An indication of how the total power
consumed by one heating element varied with time during the course of an
experiment is shown in Figure 11, Note that approximately four hours were
required for the heat flux to settle down to a reasonably steady value.
Considering the uncertainty associated with the corrections, we estimate

that the heat fluxes were known to within 10% (at best).
2.3.3 THE FAST RESPONSE THERMOCOUPLE PROBE AND ASSOCIATED ELECTRONICS

- The sensor selected for use in measuring the fluctuating temperature
and its dependence on frequency in the high femperature reacting NOZ
system was a fast response thermocouple based on the design of Sesonske
and coworkers (39)(40). The form used in this investigation is shown in
Figure 12. The junction size is expected to be small enough so that its
frequency response should be good out to 10 k Hz (39). The fluctuating dc
signal from the thermocouple probe was amplified by a low noise amplifier
modified so as to have a gain of 12,600:1 (41)(42). The output of the

amplifier was independent of frequency in the range 10 Hz to

1 k Hz. The narrow band noise was measured over this frequency range and
was found to be on the order of 0.01 to 0.05 microﬁolts. Input signal
levels with the corrosion resistant Platinum/Platinum-10% Rhodium thermo-
couple were on the order of 20 to > 100 microvolts. The data from the
probe/amplifier system was processed according to the methods outlined by
Rust (43). The electronic instruments used to carry out the data processing
are shown in Figure 13. A band width calibration for the wave analyzer,
used in obtaining the spectral information is shown in Figure 1l4. A true
RMS meter was used to obtain the wide band, or total, rms fluctuating
temperature. The arrangement of the electronic instrumentation for

processing the data is similar to that used in conjunction with the

-28-
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optical probe system (see Section 2.3.4).

2.3.4 THE OPTICAL PROBE SYSTEM FOR MEASUREMENT OF LOCAL N02 CONCENTRATIONS
Lambert-Beers absorption law, f ’ E
L= exp (- ¢ 2¢_ ) o ‘ (1)‘

I NO NO .

o 2 2 ;

was the basis for the design of a light absorbtion system capable of

measuring the local NO, concentration in the high temperature flow system

'in which the total gaszprgssure could reach values as high as 150 psig.®
An optical probe system used for making local transmittance measure-
ments in dye and water fiows at ~ 25°C and 1 atm has been described by
Brodkey and coworkers (44)(45). The system and probe design developed for
use in this investigation was significantly different than that used by
Brodkey and coworkers. It is a dual beam (sample and reference), chopped

system with high sighal to noise ratio characteristics and good stability.

The optical éystem used in this investigation is shown in Figures 15 ?
and 16. Radiant energy emitted by the tungsten iodine light source (A) is f
divided into two separate channels, reference and sample, by the cubic .
beamsplitter (B). After traversing the two optical paths, the energy is )
brought to a common focus on’the face of the photomultiplier tube (I). 1In
_order for the PMT to receive both reférenée and sample signals alternately,
a reflective chopper is inserted in the system near the PMT. The chopper
alternates passing the sample signal and reflecting the reference signal

for equal amounts of time.

The sample channel which contains the optical test probe for the
concentration measurements absorbs a significantly larger amount of radia-
tion than the reference channel. Consequently, it requires a greater
amount of input radiation’if a Balance between the two channels is to be
obtained at the PMT. The beamsplitter transmits more energy than it
reflects; therefore, it is positioned so that the reference channel

receives the reflected radiation and the sample channel receives the trans-

¥ =¢_ =0 for 3000 < \ < 5000 angstroms.
v ~ o, ,

-33-




(OLLVAGHOS WAISAS TyOII40 | ST HWIOLA |
0 WALTIA

|Z. .
'H YO¥¥IN ¥HddOHD

(RS ~1 F4901 ¥ATTITTIANOLOK

13E0¥d_ITARYS |

e
V5

 ¥OIOW ¥AdOHD:

M Qva1 ¥EEId 10dINO,
4 WOVYHAVIQ SI¥I .

|

-3 -

{HIVd FTdWVS .

‘W QvdT ¥E4Id LI0aNI‘

N ATIWESSY SNET-

' YALLITASHVEL

'V H0¥N0S IHOFI



DLIVHIHOS. WAISAS IVOILAO-| *91 FANOLL |

¥0LOW ¥AddOHD; 1
o | A90L :
- HITdILINNOLOHA
S¥FAIL Id T/T-T OMI, \\
4g0¥d IsdL - - /
‘Id T : 1d ¢ adT
accamunn - S T!W?\w
mzmq.oszmoom\ \\\
YOWHIK ¥AJdOHD “ MV\»
 TENNVHO ISHL :rlllamm OLOHd
'$011d0 WALIL MELTIE _ .

SNAT oaHmDoom\\\a\

\\;Allv; NI 1°1!
' SI¥I

S T N ——
'SNIT ONISNO0d+——C——>

_\ﬁu/y/ SNET ONISND0A . NI €70

\
;:. ;;;:‘_.;::\\\ // qmzy<mo mozmmmmmm moHHmo MmmHm
| HOWNO0S IHOITT * YALII1dS WVEL |

i

| NZDOTVH-NILSONAL |

35



mitted radiation.

The optical test probe consists of glass fiber bundles, plastic
.fibers, tapered lighé pipes, and plastic fiber bundles used as input and
output optical leads. The overall configuration of the optical probe
.itself is shown in Figure 17. The probe tip region is shown in Figure 18.
The gap between the optical fiber bundles was ~ 0.010" (the exact gap was
different for each probe made). The optical fiber bundle diameter was
0.025". The bundle pair was contained in 0.25" 0.D. 316 stainless steel
tube ~ 12" long. The transition from the stiff fiber bundles containing'
the high temperature glass to the flexible fiber lines used to connect the
probe to the optics was made with the plastic fibers and tapered light
" pipes in the rectangular housing shown in Figure 17. Ceramic cement was
used to fix the gap widthAat the sensing end (Figure 18). It was found
nécessary to thermally condition the probe sensing end at high temperature

‘in order to obtain stable performance characteristics.

In addition to the apparatus discussed above, the sample channel also
contains two lens assemblies; (J) and (N). Lens assembly (N) focuses the
radiation from the source at the end of the input optical lead, and lens
assembly (J) focuses the radiation emerging from the output fiber lead on ~
the face of the PMT. The lens assemblies (J) and (N) have focal lengths

of 2.3 inches and 1.3 inches; respectively.

The reference channel is similar to the sample channel, except for
the addition of two iris disphragms and the lack of an optical probe. The
iris disphragms are used to balance the two signals by controlling the

amount of light passing through the reference channel.

To enhance the performance of the electronic system, an even level of
illumination was maintained at the surface of the PMT by forming nearly
identical images at the PMT face. Since the image of the sample chamnnel was
formed with a fiber bundle end as the object, a fiber bundle (E) has been
used in the reference channell The fiber bundle has the same effective

1/8 inch diameter as the input-output leads of the optical probe and has a
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"FIGURE 17. OVERALL CONFIGURATION OF
(4" IN OUTSIDE DIAMETER
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‘length of 6 feet, appfoximately the same as ﬁhekﬁéth 1ength‘of'the pfbbéh
with leads (K) and (M) attached. ‘ '

The lens assembly (C) focuses the energy of the spﬁrce onto the end
of the fiber bundle. The assembly consists of two single convex lenses

with an effective focal length of 2.7 inches.

- After passing through the fiber bundle, the energy is focused on the
face of the PMT by means of lens assembly (G) which also has an effective
focal length of 2.7 inches.

In addition to the two channels, a light emitting diode (LED) is used
in combination with a field effect transistor and chopper for synchronous
demodulation. An optical filter, located in front of the photomultiplier,
‘eliminates extraneous LED radiation from reaching it. The filter also
shapes the spectral composition of the light striking the photomultiplier
tube.

The spectral characteristics of the photomultiplier tube and the
filter are shown in Figure 19. The associated electronics layout is
shown in Figure 20.* With the system so arranged the signal to noise ratio
of the entire system was on the order of 250:1 which was quite‘adequate «
for the measurements of both the time-average and fluctuating concentra-
tions. The electronic instruments used with the optical probe are shown

assembled in Figure 13.%*

Measurements of the extinction coefficient eNOZ(X,T) were made with a
pair of 0.25" quartz rods in place of the optical fiber probe. The
measurements were made with N02 containéd in a static reactor consisting
of a 1 foot long section of the same pipe material used in the test
section., In Figure 21, the optical housing system is shown with the

light-tight cover plates removed. Liquid N’204-N02 was vaporized into the

* -

The filtered output_of the synchronous demodulator was directly
proportional to E,-E, the time-average voltage difference corresponding
to the reference and sample beams, respectively.

*%
Meutral density filters were used in the transmittance calibration of the
system.
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static reactor to the desired pressure. Temperaﬁurenwaé controlled with
resistance heaters around the outside of the reactor. The distance between
the polished and optically flat ends of the quartz rods was measured to
0.001" with a precision displacement gauge. Measurements of transmittance‘
' with this system were commenced only after sufficient time had been

allowed to elapse (Figure 2) so that chemical equilibrium would be expected
‘to prevail throughout the gas in the static reactor. The 4360 angstrom
results® obtained for 2, 5, and 10 atm total pressure and temperatures to
> 900°K are shown in Figure 22 and Table 3. The resulting extinction
coefficient data are shown in Figure 23 cowpared to the scatter of the

data of Schott and Davidson (46)(47). The results are comparable.
2.4 FLOW SYSTEM OPERATION
2.4,1 START-UP

A brief summary of the most important steps involved in the start-up

of the flow system is as follows: . ' : 7
1. Checkout of all instruments for proper functioning

2. Evacuation of the system (with a jet ejector) to a pressure

of less than 0.1 atm _ -

3. All electrical resistance heaters turned on (temperature of

piping system in preheat sections kept < 14OOOF)
4. Guard heaters on probe holders turned on
5. .Cooling water to cooling coils on probe holders turned on

6. Pressure lines between the flow system and the micromano-
meter and the Bourdon gauges filled with dry nitrogen to a
pressure slightly exceeding the desired pressure for the

experiment

7. Liquid N204-N02 vaporized into system at the rate of '~ 1

* : .
Obtained using a narrow band Bausch and Lomb interference filter.
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psi increase in total system pressure per minute

8. Cooling water to the mechanical seal housing of the

turboblower turned on when total N02 gas pressure in

the system reaches 5 psig
9., Turboblower turned on

10. Temperature controllers adjusted to give the desired tempera-
tures in the bulk gas and at the back wall of the test

section

11. Heat flux and wall temperatures monitored until a

steady state is reached
12. Start experimental measurements.

From four to six hours were usually required for the completion of steps
2 through 11. ' : - T

2.4f2 SHUT~DOWN

A brief summary of the most important steps involved in the shut-down

of the flow system is as follows:

1. All electrical power to the heaters shut off except for

that to the probe holder guard heaters and to the drip
pots

2, Vent hot gaseous N02 until total system pressure drops to

1 atm
3. Stop the turboblower

4. Drain the water from the mechanical seal housing; neutra-

lize any residual acid with an aqueous sodium bicarbonate

solution

5. Vent valve closed; system evacuated with the jet ejector

(driven with water under pressure)

47~



Purging of the system continued for ~ 12 hours with room
air entering the system through the micromanometer

pressure lines; drip pot and probe holder guard heaters

left on until the end of this purging.

Steps 1 through 5 usually take less than one hour to complete.
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SECTION 3

RESULTS

3.1 DATA REDUCTION

4

in subsequent sections are given either in Appendix 1 or in the Nomencla-

ture. The characteristic reaction time parameter, /m or NDQIINO , was
~derived for the reaction 2 A2 3 U which is a reasonable model of the

dissociating NO2 system as shown by Bodman (26).
3.2 REDUCED DATA S

The reduced data from both the air and NO2 experiments (the former

are denoted with a suffix A-, the latter with a suffix N-) are given in

Tables 4 to 14. All NO2 system thermodynamic and transport properties

(Section 2.1) used to reduce the data from the NO2 experiments to the
forms considered in subsequent sections consisted of the equilibrium
values unless specifically noted otherwise with the subscript £ (for

frozen). The following limitations should be noted:

N-11: No radial temperature or velocity profile data were
obtained; TC and TW estimated from N-1, N-13a, and
N-1l4a

N-14: No radial velocity data were obtained

N-14b: No radial velocity data were obtained; #alues of h

obtained in N-1l4a were used

N-15: No radial velocity profile data were obtained;

values of h obtained in N-7 were used.

“49-
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Mo AL

S0 A

ERIMENTAL RESULTS FOR AIR

___TABLE 5.

R

EXP
Run
Number Operating Conditions
3 B3 (TOW)C S (Tm )CS Q TOW TC
(atm) (°r) °F)  (BTUkec ££2)  (°F)  (°F)
- Al3 9.9 3.0 . --400 200 0.6529 300 206
C O AlL 10.7 4.5 300 200 0.9417 301 203
- Al5 10.5 5.5 300 200 0.9552 304 203
A36 1.0 2.5 950 850 0.3237 997 812
A37 2.4 2.5 950 850 - 968 750
Heat Transfer Driving Forces
Tw Tf Tb Tw - Tb TW T e
- Cn Cn Cn _Co Cr
Al3 292 252 213 79 86
Al4 289 249 209 80 86
AlS 292 249 205 87 89
) } Heat/Transfer -
N N
Nuf Prf
(BTU/£t> sec °F)
Al3 0.00830 252 0.686
AlL 0.01177 359 0.686
Al5 0.01109 338 0.686
~, PING PAQE BLANK-NOT FILMED.
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. TABLE 6 .-

EXPERIMENTAL RESULTS FOR THE NONEQUILIBRIUM REACTING
' NO, SYSTEM - OPERATING CONDITIONS

2
“Run
S Nmber B BS (T (L) Qe T, T
T Em O Cr) (BTUkectt?) Or)  (°F)
N-1 9.5 4.0 1300 900 1.8083 1094 904
N-2 7.8 5.5 1300 900 C 17759 1105 912
N-3 6.3 5.5 1300 850 1.7511 1095 873
_ N4 5.1 4.0 1300 850 1.3665 1149 919
N5 4.3 4.0 1300 800 1.4256 143 879
N-6 3.7 5.5 1300 800 1.4701 1113 856
N-7 2.9 2.7 1300 800 1.159 1199 930
N8 4.5 4.0 1150 700 1.3608 962 740
N-9 4.0 5.5 1150 700 1.3907 955 736
N-1 8.5 4.0 950 875 0.7626 960 886
N-13a 10.0 2.5 1000 900 1.0337 1010 923
N-14 10,0 2.5 950 850 1.0065 937 864
N-l4a 10.2 2.5 950 850 0.6825 942 863
N-l4a-1 9.4 3.3 950 850 - %2 856
N-14a-2 9.3 4.3 950 850 - | 942 848
~N-14a-3 9.2 5.5 950 850 - %2 835
N-14b 9.1 2.5 950 850 0.6743 942 843
CF-15 2.7 2.5 950 850 0.2793 963 888




TABLE 7..

- EXPERIMENTAL RESULTS FOR THE NONEQUILIBRIUM REACTING
NO, SYSTEM - ENERGY TRANSFER DRIVING FORCES

2
TamBun T TION SALE RERE
Number T, T T, T, - Ty T, - T, B- B Bo-
ECrn Cr O O (°r)  (BTU/1b_) (BTU/1b_)
N-1 1077 998 919 158 173 143 © 36.3
N-2 1089 1013 937 151 177 137  34.8
w3 1079 985 8oz 186 206 ‘f?);ifé;;“ 42,9
N-4 1137 1038 939 197 . 218 170 45.4 .
N-5 1130 1022 915 215 251 187 49.5
~f{N—6 1099 995 891 209 . 243 187 .- 48.0
N-7 1189 1079 970 219 259 164 50.6
N-8 949 859 770 179 209 187 40.8
N-9 941 852 763 179 205 189 41.0
N-1l 952 - - - 74 - -
N-13a 1000 - - - 77 - -
N-14 927 - - - 63 . -
N-l4a 935 899 862 73 72 68 19.0
N-lib 935 893 852 83 92 81 21.6
ﬁ-15 960 930 899 61 | 72 59 15.9
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TABLE 9

EXPERIMENTAL RESULTS FOR THE NONEQUILIBRIUM REACTING NO, SYSTEM — MOMENTUM

Run

TRANSFER BASED ON ORIFICE PLATE MEASUREMENTS

-56-

Number w* c* Nﬁe pg U: £%
| (1b_/sec)  (Ib_/sec £t?) (1b_/£6%)  (£t/sec) |
N-1 0.285 13.69 103,800  0.3468 39.46 0.0043
N-2 0.299 14.39 109,200  0.2792 51.65  0.0051
N-3 0.232 11.16 74,000  0.2333 47.79 0.0058
N-4 0.131 6.27 56,200  0.1767 35.63 0.0080
N-5 0.141 6.79 63,700  0.1513 44.78 0.0055
N-6 0.146 ©7.00 63,900  0.1341 52.32 0.0065
N-7 0.065 3,13 31,600  0.0948  32.95 0.0086
N-8 0.225 10.83 89,800  0.1959 55.19 0.0030
N-9 0.260 12.47 106,700  0.1736 71.97 0.0032’
N-13a 0.153 7.37 47,600  0.3667 120.10 0.0084
N-14 0.172 8.38 56,400 0.4075 20.54 0.0100
N-14a 0.209 10.02 67,000  0.4075 ' 24.60 0.0048
N-l4a-1 0.244 11.73 78,800  0.4135 28.37 0.0046 -
N-14a-2 0.303 14,54 97,800  0.4226 3%.40  0.0052
N-1l4a-3 0.411 19.75 132,800  0.4286 46.04 0.0038
N-14b 0.157 7.53 54,200  0.3650 20.67 0.0075
§-15 0.055 2.63 20,900  0.0967 27.34

0.0067
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TABLE 11

EXPERIMENTAL RESULTS FOR THE NONEQUILIBRIUM REACTING

e .o . _DNO, SYSTEM - FLUID PROPERTIES

N SN

Run

Number NPrf ' NPrb ’ NLeg
C
N-1 ~0.765 0.741 0.960

) ‘N2 0,773 0,750 0,945

N-3 0.771  0.741 0.960
ﬁ-a 0.790 0.763  0.920
. N-5  0.788  0.760  0.938
N-6 0.785 0.755 0,945
N-7 0.799 0.785 0.886
N-8 - 0.735 0.699 1.042
N-9 0.770 0.699  1.040
N-14a 0.730 0.717 0.990
N-14b  0.732 0.714 0.998
N-15 0.773 0.763 0.908
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TABLE 13

EXPERIMENTAL RESULTS FCR THE NONEQUILIBRIUM REACTING
NO,, SYSTEM - CHEMICAL KINETICS MODULI

2

e e

: {;1-_Run - e .'_ - oo
. Number m v/m ™ V& N Y/ ¥
c c c c D c
P .
2 R
-1
(cm) (cm )
N-1  0.325 0.570 0.943 0.971 0.0559 0.0340 58
N-2 0.186 0.431 0.542 0.736 0.0347 0.0322 46
N3 0.135 0.367 0.500 0.707 0.0227 ~ 0.0395 34
N-4 0.209 0.457 0.758 0.871 0.0438  0.0563 26
N-5 0.158 0.397 0.752 0.867 0.0304 0.0878 21
N-6 0.057 0.238 0.271 0.521 0.0104  0.0519 17
N-7 0.188 0.434 0.835 0.914 0.0473 0.1104 13
N-8 0.046 0.215 0.236  0.486 0.0045 0.0520 19
N-9  0.022 0.148 0.110 0.332 0.0022 0.0427 16
N-l4a 0.619 0.787 1.02°  1.01 0.089 0.0487 47
N-14b  0.269 0.519 0.509 0.714 0.045
‘N-15  0.127 0.357 0.188  0.434

0.028



TABLE 14

EXPERIMENTAL RESULTS FOR THE NONEQUILIBRIUM REACTING
NO, SYSTEM - ADDITIONAL GOVERNING PARAMETERS

2
Run _ . : ;
Number Mg né n Mo ' Xi Xgr A99% '
N-1  3.70 3.79  3.75 0.0560 2.27 6.03 10.3
N-2 3.7  3.92 3.83  0.0563 2.29 6.31 17.1
N-3 3.85 4. 06 3.96  0.0547 282 6.81 25.7

N4 3.73 4.00  3.87 0.0566 2.79 5.63  23.7
N-5°  3.87  4.13  4.00 0.0549 3.41  '5.42 32.0
N-6  3.95  4.13 4.0  0.0540 3.43  6.96 73.2
N-7 3.52 3.89 3.71  0.0570 3.26 4.69 43.3
N-8 3.90 3.82 3.86  0.0492 3.53 9.63 79.1
N-9 3.94 3.87 3.91  0.0491 ' 3.50 10.20 151
N-14a 3.70 3.77 3.7  0.0542 1.02 2.08 6.2
N-14b 3.71 3.75 3.73  0.0535 132 1.6
N-15 3.79 4.05 3.92  0.0558 0.803 58.4
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Unless noted otherwise, all values tabulated are time—avefage'Valﬁes.ywrwm

i

3.3 ERRORS AND CORRECTIONS
3.2.1 RADIATION CORRECTION TO GAS TEMPERATURE MEASUREMENTS

Estimates were made of the effect of radiation from the heated wall

~ of the test section to the thermocouple junction (spherical in shape) of
the temperature probes. 1In the case of the N02 experiment with the
largest AT, N-7, the true gas temperature at the centerline, taking into
account the net radiant heat flux [in the manner described in (48-p.262)]

" between the walls and the junction bead, was estimated to be ~ 9.3°F less
than the 930°F actually measured (or.~’1% error). Since this represents
less than a 47 error in AT, no attempt was made to correct the radial
temperature profiles for radiation. In the case of N-11, where the AT was
smailest, the true gas temperature was estimated to be ~ 0.6°F less than -
that which was actually measured. No attempt was made to correct for the
sﬁecular absorption of the radiant energy as it passed through the NO

, , 2
laden gas because such correction (26) was also thought to be significantly;

i

less than the error of the other measurements. /

3.3.2 CHARACTERISTIC CHEMICAL RELAXATION, MOLECULAR DIFFUSION, AND FLOW -
TIMES IN THE VICINITY OF THE PROBE TIPS
Assuming that the flow "streamlines" are distorted from their
undisturbed state (when no probe is inserted into the flow) by a distance
comparable to the probe diameter at the sensing end, then the following
characteristic times can be compared in ordervto ascertain whether or not
the probes (total head tube and thermocouple probe) are capable of sensing

the local noneqdilibrium state of the flow,

%

e ™ = 2)
i .
Ty~ = 3)
D3 .
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~ ko €Y (%)
NOZ D N02

_
Tc

:At 1 atm, TéNOZ varies between ~ 0.1 sec to 3 sec for the temperature
range of 1200°F to 800°F (see Figure 2). At 10 atm total system pressure
these characteristic chemical reaction times would be about 1/10 as large
as those for 1 atm. In the bulk of the flow, TF for the impact (or total

head) tube tip is on the order of 0.0001 sec for the velocities charac-

teristic of the NO, experiments (Table 8). The TF for the thermocouple.

2

probe is ~ 1/10 of Tkaor the impact tube. Thus To

“ditions of these experiments and thus, on this basis, the properties of

the gas would not be expected to change appreciably during its "flight"
" from one probe diameter upstream of the probe tip down to the probe tip

itself. Estimates of ™ for the NO, experiments fall within the range of

2
0.1 to 0.3 sec which suggests that at lower total system pressures, ™ is
comparable to TéNO so that when molecular diffusion is the predominant

transport mechanism, the chemical state of the gas could be changed in the

vicinity of the probe tip.
3.3.3 CHANGE IN OPTICAL PROBE GAP WIDTH WITH TEMPERATURE

Even after thermal conditioning, the gap width between the optically
flat and polished ends of thé glass fiber bundles would be expected to
change with temperature due to the thermal expansion characteristics of
the ceramic cement, glass, and outer stainless steel tube. An estimate
was made of the net gap width change expected in heating the probe tip
ffom 77°F to 852°F (Tb, for N-14b) taking into account the actual geometry
of the sensing end (£ = 0.0095" for Optical Probe #3 used in N~14b) and
the known thermal expansion coefficients of the materials involved. The
result showed that the gap width change over this temperature interval
would be less than 107 of the initial gap width as measured under a micro-
scope at ambient temperature. Such a change in 4 would lead to a less
than 10% change in the measured Eﬁoz(i.e., the Eﬁoz values obtained by
using the 4 based on an ambient temperature measurement should actually be

decreased by up to 10% in order to take into account the actual gap width

-63 -~
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existing at the time when the transmittance measurements were made in the
“bhigh temperature flow). Since this estimate was only approximate and
since a 10% change represented an upper limit (in practice, the change is
probably on the order of 1%) the gap width measured at ambient temperature
was used in reducing the observed transmittance data to local time-average

molar concentrations of NOZ'

3.4 FRICTION FACTOR RESULTS®

Friction factor measurements were made in order to ascertain whether
the presence of a nonequilibrium homogeneous reaction in the turbulent gas

flow had any appreciable effect on the overall momentum transport process.

Fanning friction factor data obtained from the air experiments is
shown in Figure 24, The solid line is for the correlatién usually used

for smooth wall tubes (e/D = 0)(48,p.155). The dashed line represents the
influence of wall roughness on the Fanning friction factor for a wall
réughness corresponding to €/D = 0.005 (¢ = 0.010 rms inches for

D = 1.95 inches)(50). Results are shown for experiments carried out

under isothermal conditions as well as for those in which heat transfer

was taking place. Since a thin 1ayef of scale did form on the inside of ]
the pipe wall, particularly when the test section was heated to excessively
high temperatures (& 14000F), some of the effects of surface roughness

would be expected {more so in the case of the latter air experiments and
‘the NO

5 experiments N-1 to N-9; after experiment N-9 the inside wall of

the center test section was re-honed, re-eégéﬁiiéhiﬁg a relatively "smooth"

In the case of the results presented in this and subsequent sections, all
radial profile measurements were made at essentially one longitudinal
position. Profile measurements were made at an L/D of 43 from the trip
plate at the beginning of the entrance section (d/D of 1.50"/1.95")(see
Figure 9). The flow was always directed vertically downward in the test
section. The acceleration correction was not made to the static pressure
drop measurements. In order to minimize the report length, most of the
extensive profile measurements and property data used in the calculations
was not tabulated. It was possible to cover such a large range in
Reynolds number because of the capability of the flow system for handling
gases at pressures up to 11 atm.

-6



ol
o
b
ol

‘f’"‘_ T T T T TT N L DA B B

Q;DS'“ ]

\ S NO) AIR 'SYSTEM, TW._ Tb + 77°F —
0,061 = e e T e —
-~ | O AiR“SYSTEM;'TW _.290 F, T ~ 210°F -

0.04}- : -

U
1

0:03f | | .

0.02]- | .
EFFECT OF WALL ROUGHNESS

T ‘ - (e/D) ~ 0.005).

~0.010
_ 0.008}

. 0.006

0,004

0.003

Coot . . -

N N R B N M R T A R BN
10t 102 - 10°

'NRebA

FIGURE 24. FANNING FRICTION PACTOR AS A FUNCTION OF THE
BULK REYNOLDS NUMBER - ATR EXPERTMENTS z

i

| -65-




wall).

» Results for the’nonequilibrium reacting NO2 system are shown in
Figure 25. The data obtained after N-9 fall in the same general region as
the early air data (before the system was overheated). The effect of heat
trénsfer for the conditions of N-7 were calculated actofding to (48,p.157)
and the result is also shown in Figure 25. Considering these results® it
appears that for the conditions of these experiments there was a negligible
influence of the homogeneous nonequilibrium reaction on the momentum

transport.

The data shown in Figures 24 and 25 are based on velocities measured
with the total head tube/static port at the test section approximately
Vmidway between the static pressure taps used for the measurement of TW.**
Similar results were obtained with the data based on the mass flow rate

measured at the orifice plate.**
3.5 NUSSELT NUMBER/REYNOLDS NUMBER CORRELATIONS

It is known from previous work (see Section 1.1) that energy transfer
data for equilibrium reacting systems (arbitrary Nj, ) will follow the
same Nussélt/Reynolds number dependence characteristic of nonreacting -
systems provided that appropriate changes are made in the fluid properties,
driving force, and choice of film temperature. This result has been -
substantiated by the results calculated from Model iI (Tableyl) for a wide
range of Reynolds and frandtl numbers (20)(case for /m — »). The first '
step in considering the correlation of the nonequilibrium reacting system
energy transfer data might best be an examination of the data in these

forms.

In Figure 26, the influence of the chemical reaction on the heat

transfer rate is clearly shown, i.e., under heating conditions, the homo-

*
Data from experiments N-1l4a-1, -2, and -3 all fall reasonably close to
the solid line.

*

- Local mass densities assumed to be equilibrium values.
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geneous, endothermic chemical reaction leads to enhanced heat transfer

‘coefficients defined in the usual sense.

In Figure 27, the necessary adjustments were made in the fluid
properties, driving force, and film temperature in order to cause equili-
brium reacting data to fall on the usual curve for nonreacting systems (1)
(6)(10) (18). However, as would be expected, the nonequilibrium data does
‘not correlate in that manner.

In Figure 28, a further modification is made in the driving force.
Since the data shifted from below the curve in Figure 27 to above it in
this figure by changing the assumed wall condition in the driving force
from equilibrium to frozen, it is tempting to conclude that the true wall
state is somewhere between these two extremes; and if it were known, a
priori, a correlation of the data could be obtained. What is needed is a
correlation which does not require such foreknowledge (i.e., in effect?‘

the answer sought).

It has been suggested (13), based on film theory considerations, that
a chemical kinetic rate-film thickness parameter, ¥, might be useful in
correlating heat transfer data for nonequilibrium reacting systems. The

*

lack of such correlation is shown in Figure 29.
3.6 COMPARISON OF DATA WITH CALCULATED RESULTS FROM MODEL II

In Section 1.1 the principal assumptions of the only available
analytical model (II) for predicting the effect of chemical reaction rate
on energy transfer rates (or "heat" transfer coefficients) in the case of
fully developed turbulent tube flow were considered. Results calculated
from the film model (I) and a modification of it for the case of finite
AT (III) were presented in Figure 1. The film model was a precursor of
the tube flow model film which incorporated an eddy diffusivity. The trend
of the results given in Figure 1 (normalized heat transfer coefficient as
a function of the ratio of the chemical reaction rate to the molecular

‘diffusion rate) is essentially the same as that calculated for the tube
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flow model.

Twelve different complete (0.1 /s 100) caleulations were made usirg Model
IT with N, =1 forAthe Reynolds numbers, Prandtl number, and ﬁ values
corresponding to experiments N-1 to N-9, N-l4a, N-14b, and N-15 (values‘of
NRebs’ N?rb" and ﬁ for these experiments are listed in Tables 8, 11, and
14, respectively). As has been noted (20), the dependence of © on/m is
Jquite insensitive to Reynolds number when Nj, - 1. The results of the
calculations for two cases (using NReb', N?rb:’ and ﬁ values corresponding
to experiments N-2 and N-7) are shown in Figure 30. Previous calculations
carried out with model IT for Ny, = 1 had not been reported for ﬁ < 6 (20).
The dependence of ¢ on,/ﬁg is sensitive to the value of 1) (at‘/ﬁz = 10,
our calculations show that ¢ increases essentially linearly with increasing
ﬁ with a slope of 0.63 — the influence of Reynolds number is slight; at
/Ez =‘1, ¢ increases only slightly with increasing T). The calculated
curves which are shown in Figure 30 bracket all of the calculated results
we obtained for the other ten cases in the /E€'< 2 region. Thus these tWo_
curves are sufficient for comparison, in a qualitative sense, of the

experimental data with the predictions of the model.

The experimental data (tabulated in Tables 10 and 13)7are also shown’
in‘Figure 30. The open circles represent the data uncorrected for the
fact that in each experiment a AT > 40°F [if AT < 4OOF, in the case of the
N02 decompositiyn, it was found that the film model corrected for AT finite
gave results very close to those obtained for AT — 0 — quite large
‘differences were noted at AT = 190°F (21) ] prevailed. The solid circles
-represent a correction made to m, in order to account for the exponential
dependence of the forward specific reaction rate constant on temperature
between the wall and the bulk regions of the flow. Using the same pro-

cedure as applied in the case of the film model (21), kp was corrected by,
. B i

. _ ot -
, = ), o [ - D)
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S S Lo, eT)
where . | Ip=——%—— (6)

so that m was in turn modified by,

i

Bo=m (ich/kFB;>. o (7)§'

Thus the abscissa in Figure 30 should be interpreted as /3 in the case of
the solid circles. It is apparent that correcting for a finite AT has the
effect of shifting the data points to the right in Figure 30. A close
examination of Tables 12, 13, and 14 with reference to theAindependently
fixed operating conditions listed in Table 6 reveals how temperature,
pressure, and flow rate affect /EE} ‘The designations under the right and
left hand ends of the abscissa in Figure 30 are an approximate indication

‘of which conditions tend to favor a higher or lower value of / ot

In Table 14 are listed the h99% values for each experiment. Since
the start of the heat transfer section coincided with the trip plate ~ 43
‘test section diameters upstream of the probes (TC, PT, and OP), then the
steady state reaction rate assumption of Model IT was not fulfilled by the
conditions of experiments N-6, N-S, and N-9 (i.e., in each of these cases .
the radial profile data were obtained at an axial position which was
estimated not to be far enough downstream from the start of the heat

transfer section so that the reaction rate, r,, no longer depended on

axial position).

A quantitative comparison of therexperimental data with the
‘predictions of Model IT is shown in Figure 31. The scatter about the 45?
line is slightly larger (approximately + 17% for both the open and closed
circles) than that reported by Bodman and coworkers (22)(23) (approximately
+ 10%) for the comparison between the predictions of models I, III, and IV
and experimental data (no radial profiles were measured - only.oﬁerall
measurements were made) obtained for the turbulent flow of nonequilibrium
reacting NO

9 outside a rotating cylinder. In the rotating cylinder

experiments the bulk condition was known and agreed with the assumptions
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of the models. 1In the case of the tube flow ekperiﬁénts;ﬁfhé bulk
"boundary condition'" was postulated only. Evidence is presented in the
following section that in those cases where the bulk condition was fully
‘determined, the gas was not in chemical equilibrium. In one case, it
consisted of essentially unreacted NO2 (in this case npnequilibrium con-
~ditions must have existed over a portion of the region between the bulk of
| the flow and the wall). Thus calculation of ¢ and\/ﬁz or /%i'from the
experimental data using equilibrium properties [as suggested for the
AT = 0 case treated in (20)7] is not consistent with the data and could, in
itself, account for the scatter being gréqﬁer than that observed for the
rotating cylinder measurements. It should be noted that the heat transfer
measurements reported here were for a constant temperature wall condition
and not for a constant heat flux condition (from trip plate to sensor
location).

The data do suggest that the trend of the predictions from Model II
is valid. Most of the data corrected for finite AT tend to lie on or

below the calculated curves rather than above them. i
3.7 CONCENTRATION PROFILES — TIME-AVERAGE DATA

As noted in Section 2.3.4, the optical probe system was modified to
accommodate %' diameter quartz rods for use in measuring the extinction
coefficients, emoz(k,T), in the static reactor. This same assémbly was
used to make the measurement of CNOZ(r) shown in Figure 32. The solid 1ine
drawn through the data points is shown in order to help define the trend
of the data. For comparison, the dashed line shows how the equilibrium
concentration profile would vary with radial position for the estimates
‘of T(r) obtained from previous experiments characterized by similar
operating conditions. The reference equilibrium concentrations shown at
the center of the tube (f/r0 = 0) indicate that the nonequilibrium concen-
tration profile was the equivalent of ~ 6°F (in terms of equilibrium con-
centration differences) away from the equilibrium profile derived from the

estimated temperature profile. Uncertainties in knowing the gap width, £,
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at the pressures and temperaturés of the experiments, pbelems with rod
breakage due to slight misalignments (at high temperature conditions)
between the probe holders on opposite sides of the test section, and
difficulties in tranélating the entire optical assembly (Figure 21) for
each radial traverse strongly encouraged us to develop the fiber bundle

probe for use at high temperatures at moderate pressures (< 11 atm).

The radial concentration profiie data shown in Figure 33 were obtained
with the fiber optiés probe (£ = 0.0095 inches). The raw data were
obtained two different ways (refer to Figure 20) — the values obtained
from the electronic counter are expected to be more accurate. There is
some uncertainfy as to the exact radial position of the gap during this
particular experiment. We expect that the measured profile data should be
shifted to the right ~ 0:2”. In any event the results show that across
fhe majority of the flow conduit? the gas is nearly twice as concentrated
in NO2 as would be predicted had equilibrium conditions prevailed (the
dashed line is based on the measured temperature profile and the pressure
which existed in the flow system at the time of the concentration profile

measurement).

As indicated in Section 3.3.3, appro%imate corrections for the change
in gap width between the ends of the fiber bundles as the probe end was
heated up to the test conditioms for experiment N-14b suggest that the
actual nonequilibrium concentrations would be no more than 10% less than

the observed values.

It is of interest to determine the local mass density profile having
measured the nonequilibrium concentration profile. Since, for the

2 N02 2 2 NO + O2 system,

NO ‘ - ®

(9)
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then . NOZ
*No, ~ K}i;
RT
and | P=ﬁ?[ (1+%>, '

For experiment N-ll'}b,

'(E ) ~ 0.0885 gm moles/liter

. (E )~ 0.0635 gm moles/liter

: (CNO ) ~ 0.156 gm moles/liter

- (XNO > ~ 0.99

E ~ 0.0067
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gy T
p. = 0.452 1b /ft

- 3 |
(p,), = 0.365 1b_/ft” . |

' Thus, considering the fact that the nonequilibrium mass density is ~ 207%
‘larger in this case than the equilibrium value consistent with the measured

‘temperature, then the nonequilibrium Reynolds number would be correspondingly

larger than the value given in Table 8.

_ Since only a limited amount of time-average radlal concentratlon data

was obtalned, it was not p0351b1e to re-evaluate the w ‘versus /m data in

order to-ascertain if it agreed more closely with the Model IT predlctlons

when the "true'" local nonequilibrium conditions were used in calculating ¢

'and,/m or /= . Considering the overall length of the flow system (Figure
, c m,

6) and the long characteristic chemical reaction (i.e., dissociation)
times for the NO2 system at temperatures ~ 750°F (a2 good estimate for
N-14b — most of the gas in the system at a given instant would be at some
temperature less than TC at the sensor location in the test secﬁion)(see
Figure 2), it is not too surprising that the bulk fluid consisted, in this

experiment, of mostly NOZ' - S . .

3.8 MOMENTUM/ENERGY TRANSPORT ANALOGY CONSIDERATIONS

The fair similarityubetween the radial velocity and temperature defect

distributions shown in Figures 34 and 35 seem to justify the assumption of
an analogy between energy and momentum transport in nonisothérmal, nonequi-
1ibrium reacting, fully developed turbulent tube flow (51,p.538). One
consequence of the Reynolds analogy is that the following relation should
be valid (51,p.542),

NSt =5 - (18)’

For reacting systems it might be more appropriate to replace N_ with N/

St st’

-82-



FICURE 3&.

VELOCITY AND TEMPERATURE DEFECT IN NONISOTHERMAL,

~ NONEQUILIBRIUM REACTING TUBE FLOW
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':~ -~ Data from experiment N-1 were used to check the equivalence of Eq. 18.
The following results were obtained:

-

!

: £ |

’ 2 !

N = 0.00082 ; = 00,0035 i

i St N |
c Pr !

i

£ |

- ] 2 _

ST AT SORECTE T = —Nstbl L 0.0011 ’ N. 0.0035 §
Py i

?

1 = :

NSt 0.00090 5

¢ :

1 = :

NSt 0.0012 . !

b' :

Thus the two sides of Eq. 18 are equivalent only within a factor of three,
a:t best. N R . P - - - S e L LT
An additional check for an analogy would be the comparisbn between &y
- and €y This is discussed in Section 3.10,

3.9 NdRMALIZED RADIAL PROFILES OF SPECIFIC ENTHALPY AND TEMPERATURE

*

It has been shown (10) that the normalized radial profilés.of specifid
~enthalpy obtained for homogeneous equilibrium reacting systems are similar -
over wide ranges of Reynolds number, wall temperature-bulk temperature
idifference, etc.  Furthermore, these profiles all fall on the same
dimensionless normalized profile, T+ versus y+, used to express the radial
temperature profile similarity in the case of fully developed nonreacting

‘turbulent shear flows (52,p.444).

The radial specific enthalpy profiles are shown in normalized form in
Figure 36, Certainly the H+.versus y+ form is not valid for flows in
which the flow is not invchemical equilibrium. It is interesting to note
that the data, which was obtained for y+ > 10 and which was derived from
the temperature profile data by using equiiibrium properties, tends to

fall on straight lines whose intersection occurs in.the vicinity of the
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junction between the nonlinear and the linear universal é}gfilewtsoiid“
line in Figure 36). This suggests that if a correction factor is applied

to the H+ of each profile in order to account for the deviation of the bulk
from equilibrium, then the lines through the data might be made to coincide

"with the universal profile. o ’ ~

Since a good measurement of the actual bulk state was obtained in the
case of N-14b, the data were also put into the T+ form (see definition in
the Nﬁmenclatﬁre) with CPg a;Cngoz in this particular éase. The effect on
the data is to shift them slightly below the universal curve, suggesting
that an isobaric specific heat slightly greater than Cp_ should be used
(which is consistent with the limitations of the concéntration discussed

in Section 3.7).
3.10 EDDY DIFFUSIVITIES — THEIR ESTIMATION AND CCMPARISON

The eddy diffusivities for energy, momentum, and mass transfer are;‘
when compared with their molecular counterparts for the situation of
interest, indicative of the influence of the turbulent mixing processes on
‘the total transport in the turbulent flow (51,pp.25,542). We have
calculated the eddy diffusivities for momentum (SM) and eﬁergy tfansport
(eH and eﬁ) using the fact that the local shear stress is linear with pipe
radius and that the heat flux varies with the radius in a similar manner.
The latter assumption is that commonly used in calculating €y for
nonreacting systems (48,p.209). Its limitations have been reviewed by

Hinze (51,pp.550—551).*

The results for the case of a typical experiment, N-1, are shown in
Figures 37, 38, and 39. The shapes of the various eddy diffusivity pro-
files (see Nomenclature for defining equations) are similar to those

reported for nonreacting systems (52,p.439) and for equilibrium reacting

AN

%

A more accurate determination would require the differentiation of both
radial and axial profile information in the manner prescribed by the
appropriate conservation equation.

=87~
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o R
H and eH.W;gh €y is shown
in Figure 40. The results show that the ratio in eddy diffusivities is,

systems ih‘channel flow (53)*. A comparison of €

over much of the cross section of the flow conduit, on the order of one,
again suggesting-an anelogy. However, eH/eM'N 0.4 to 0.7, while for air
flow between parallel plates (with Prandtl number approximately the same),
the eH/eM ratio is ~ 1.1 to 1.3 (52,p.440).‘ Thus the ratio in eH/E:M
obtained for N-1 is approximately one-half of the value measured for

- comparable nonreécting flows. This difference in eddy diffusivity ratio
offers indirect evidence for the effect of the turbulent mixing process on
the time-average reaction rate. »

3.11 TURBULENT TEMPERATURE RESULTS — NONREACTING AND NONEQUILIBRIUM
REACTING SYSTEMS

.

Total rms temperature intensity data for the nonreacting'air system
(Experiment A-37) measured with the system described in Section 2.3.3 is
given in Figure 41, The usual minimum at the center of the pipe, the
maximum values near the walls, and the intensity level on the order of 3%
is consistent with the limited number of published results (54)(39) for
air under conditions of fully developed turbulent pipe flow with heat

transfer. ' . .

The very surprising results obtained for the nonequilibrium reacting
N02 system (key pertinent experimental conditions are given on the figures
themselves) are shown in Figures 42 and 43. In the case of these experi-
ments, the variation of intensity with radial position is the same as in
the case of the nonreacting system results, but the presence of the
nonequilibrium chemical reaction has caused a more than order of magnitude
increase in the intensity level. A mixing model for the interpretation of
these results has not yet been developed (see Section 1.1). The large
change in level cannot be primarily due to the difference in thermal

properties between the two systems, since the»NPr and NLe parameters are

The lines drawn through the data points are shown only to assist in
discerning the trend of the data with radial position.
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so similar. (Also, the difference in mass density between A-37 and N-15
is no more than ~ 3.) The values reported in Figures 41; 42, and 43 were
obtained by either directly reading the dial of the true rms voltmeter or
by recording the dc output ofrthe rms voltmeter on a strip chart recorder
and then estimating the mean of the rms outbut. More accurate time
averaging (as indicated in Figure 20 — use of -the voltage to frequency
converter and counter in tandem) of the total rms output would be expected

to yield more accurate profile results.

The scalar mixing spectrum for temperature obtained with air at high
temperature in the recirculating flow system is shown in Figure 44. The
extended slope in the inertial subrange (the essentially straight line
region) is probably due to the coexistence of both longitudinal and radial
(or transverse) mixing at the sensor location. Longitudinal mixing effects
‘'would be expected to arise from the 1 foot long heaters situated along the
test section, each pulsing on and off in a random fashion at a frequency
between once per second to once per 5 minutes depending on the cooling and
heating loads imposed on the system. Thus the energy contributed to the
spectrum from longitudinal mixing effects will bé characterized by low
frequenciés and will thus tend to extend the inertial subrange over a -
greater ffequency_range than the usual one to one and one half decades of
frequency (or one dimensional wave number).* This extension probably
accounts for the slope of the spectrum in the inertial subrange not
ééﬁéiiiﬁgrtﬁé éépecfédiFs/B (27); For reference the characteristic
frequéncieé based‘bﬁ ﬂéth Ehe test Seéﬁion diéﬁeter (~ characteristic for
transverse mixing), fD,
Figure 44. The conditions of the experiment are also given there for

and the test section length, szS’ are given on

reference purposes,

Temperature spectrum data for two different N'O2 experiments are given

in Figures 45, 46, and 47. The presentation of the data is in a form

* .
Terms are defined in the Nomenclature; some pertinent relations are given

in Appendix A-1.
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quite similar to that used in Figure 44 except that the NO2 data obtained
at frequencies greater than f (or kl ) which appear to lie in the inertial
subrange exhibit, in each case, a slope very close to the characteristic

-5/3. The data of Experiment N-15 are shown in the one-dimensional wave

. number form in Figure 46. The apparent diffusive cutoff at higher

frequencies on the order of 10 k Hz may be due more to a start in the
fall-off in frequency response of the probe [estimated to be better than
10 k Hz in (39)] than due to the start of a diffusive subrange. In Figure
47, the region exhibiting a -1 slope may be representative of a viscous-
convective subrange. In this experiment (N-l&b), there was very little

turning on and off of the temperature controllers during the period of the

turbulence measurements as compared with the other experiments (N-15 and

A-37). This may help to explain why the N-14b spectrum results do not
exhibit the extended inertial subrange to very low frequencies (the

frequency response of the electronics instrumentation is good down téronly»
20 Hz). 1In any event, the spectra do not exhlblt any unusual characterlstlcs

that cannot be ascribed to the nature of the experiment and/or equlpmenL.
3.12 TURBULENT CONCENTRATION RESULTS

The total rms intensity data and the spectral data for the NOZ

experimént, N-14b, is tabulated in Tables 15 and 16. The format of these
tables has been arranged so that the steps employed in the reduction of
the raw data to the results of interest are evident. The intensities have
been calculated assuming that the equilibrium time-averége concentration
difference based on the measured temperature difference (iw -’TC) is a
reasonable measure of the actual nonequilibrium time-average concentration
difference [(CNO ) (CNO > ] The intensity results are shown in

Figure 48. Con51stent Wlth the unusually large temperature intensity data

given in Figures 42 and 43 for the NO, reacting system, the concentration

2
intensity values are also large. In fact, in the case of this experiment,

* - -
‘A good measure of (CNO > was not experimentally obtained.
2'w '
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the average concentration intensity across the pipe was ~ 93% or approxi-
mately. twice as large as theAtemperature intensities. The data in

Figure 48 are plotted wiﬁh.a greatly expanded ordinate. Considering the
accuracy of the measurement [limitations from boundary layer buildup on
the ends of fhe fiber bundles — expected to be a small effect (45), slight
change in flow condit}ons during the course of the experiment, etc.], the
results given in Figure 48 should be interpreted as indicating that the

intensity is essentially constant across the pipe (within &+ 4%).

Lee (30) has made some interesting predictions, based on a statistical
turbulence theory treatment, of how the turbulent concentration mixing

spectra of an isotropic flow (one reactant; irreversible, second order
' N(t)
Pe
We have calculated these

-reaction) depends‘on the turbulence Peclet number, , and the turbulence

(t)

Da .
I1;

parameters for the conditions representative of most of the NOZ experiments

(including N-14b) and find for,

Damkohler number (of the second type), N

®' ~ 0.10 Ec [From (51,p.521-522)] (19)
.with, | f% ~ 40 ft/sec

D~ 0.2 cmzlsec

k, ~ 1.3 emt
D
then, N(t) ~ 490
Pe
and, A =~ 8.9
Da '
IINO
2
so that the ratio Nég%INoz/Néz) ~ 0.02 and thus, according to Lee's

analysis, the No, dissociation is a "slow'" reaction. His results may be
useful in interpreting our results to the extent that the flow field of
our spectrum experiments (sensing probe tip at the center of a fully

developed turbulent tube flow) and the chemistry of the NO2 dissociation
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conform to the assumptions embodied in his model.

In Figure 49, the concentration spectfum for Experiment‘N-léb is
shown for the frequency range 10 to 104 Hz (data were obtained out to
15 .k Hz). ‘The solid line drawn through the data is shown in order to
assist in discerning its variation with frequency. The results indicate
that what might be considered an inertial subrange begins only at
frequgncies much greater than fD. Most of the energ& of the concentration
spectrum is distributed uniformly across 2% decades of frequency with
fall-off occurring only at comparatively high frequencies. Additional
experiments should be carried out with probes with significantly different
gap widths, £, in order to determine if the shape of the concentration

-spectrum is more probe geometry-limited or phenomena-limited.
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SECTION &4

CONCLUSIONS

4.1 EXPERIMENTAL RESULTS

This invéstigation is the first known attempt to obtain both time-
average and fluctuating fadial profile measurements in nonequilibrium
‘reacting turbulent tube flow with heat transfer. In order to make these
-measurements,ka number of problems had to be solved. These included:

(a) the selection of a reacting system whose kinetics.were homogeneous
and unaffected by the materials required for construction of the flow
system and the sensing ends of the instrumentation, (b) the determination
of all of the required property data (thermodynamic, transport, kinetic,
and optical absorption) over the ranges of temperature and pressure
required for the experimental measurements, (c) the design, fabrication,

and checkout of a 1arge rec1rcu1at1ng flow system capable of handling a

toxic, corrosive gas at elevated temperatures and pressures with negligible
leakage of the gas or appreciable deterioration of the system itself afterj
extended periods of operation, (d) the design of a rotating shaft seal
compatible with the system requirements (temperature, pressure, flow rate,%
period of operation), (e) the design, checkout, and calibration of appropriéte
fast response, low noise, small spatial resolution temperature and concen—; |
tration probes compatible with the system requirements and caﬁable of
providing the desired time-average and fluctuating infbrmation, and finally
(f) the development of technlques for operation of both the flow system and
the associated 1ﬂstrumentatlon so that the desired results could be

obtained. During the course of this program these, and many lesser problems

were solved. i
i




The reduction of experimental data itself and its édmpérisdn to
predictions of available models revealed the following (for details,

reference should be made to the appropriate portions of Section 3):

a.

As expected, the presence of a nonequilibrium homogeneous

reaction has little, if any, significant effect on the

momentum transport situation for the conditions investigated

Conventional heat transfer correlations are inadequate for -

the

correlating fully developed turbulent tube flow heat transfer

data when a nonequilibrium reaction occurs in the flow

The only available model (Model II - see Section 1.1) for

predicting "heat' transfer coefficients for such situations

is, in principle, inadequate in four principal ways:

(1) the temperature difference between the wall and the

bulk of the flow is assumed to be small, and in
addition equilibrium fluid properties are assumed

applicable

(2) the time-average reaction rate is assumed to be

independent of longitudinal position after a certain

"starting' length

(3)  the eddy diffusivities for energy, mass, and momentum
transport are assumed to be equal to each other and

“equal to the eddy diffusivity for momentum transport

measured in nonreacting flow

(4) the time-average reaction rate is assumed to depend
only on the time-average temperature and composition,
but it is known (55)(56) that in the case of second

and higher order reactions (as is the case for the

relatively slow N02

reaction rate, in a turbulent flow, depends on the

usual time-average quantities multiplied by a factor
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Cr bequal to one plus tﬁe concentration in&enéiéypéqﬁéféd"
A (for concentration intensities greater than 307, the
effect of the turbulence in the flow on the reaction

rate is such as to increase the time-average reaction

rate by greater than 10%). » o

‘The experimental data showed that even if a correction is made for
the finite AT which occurs in any actual "heat" transfer situation, the
theoret1ca1 predlctlons and the experimental data do not agree for three

)

principle reasons:

a. Evaluation of the bulk properties'assuming equilibrium leads
to significant errors because the bulk region is sufficiently

far from an equilibrium state

b. Though an analogy between energy and momentum transport is
suggested (within a factor of three), the eddy diffusivities
are not equal and, in fact, are different from each other, by

a factor of two

c. The actual time-average reaction rate is much greater than
the one assumed to depend only on the time-average tempera-

ture and composition

Points a. and c. are expected to be the major reasons for the discrepancies

between the experimental data and the predictions of the theoretical model.”

The principal reason why it now appears that point c. does lead to
large errors in the predictions of the model is that the experimental data
show that the turbulent fluctuation intensities of both concentration and
temperature can be much larger in nonequilibrium reacting shear flows than

in corresponding nonreacting shear flows.

. I o , i ]
The data obtained for turbulent flow outside a rotating cylinder deviates

_about the same amount from the predlctlons of the model (IV) as was found
~for the tube flow data.
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4.2 AREAS REQUIRING FURTHER INVESTIGATION

The principal areas requiring further investigation can be summarized

as follows:

a.

Revision of the model to make it both a reliable predictive
tool and more faithful to physical reality (remove AT -0

restriction, modify the bulk and wall boundary conditions

so that even though nonequilibrium conditions actually

' only equilibrium and/or

prevail at these "boundaries,'
frozen fluid properties are required in order to apply the
revised model for the prediction of turbulent heat transfer
rates in nonequilibrium tube flow, use a time-éverage reactiSn'
rate dependent on a correlation of the turbulent concentration
intensity data, use eddy diffusivities that approximate the

experimental results)

Measurement of time-average energy, mass, and momentum
transport data (p, /m, etc.) over a wider range of
Damkohler numbers with the following features: measurement
of time-average concentration at the wall, measurements as

a function of longitudinal position, calculation of eddy

~diffusivities using both radial and longitudinal data,

‘measurements for both constant wall heat flux and isothermal

wall cases, use of in situ heat flux gauges in the test
section walls, and modification of the optical probe sensing
end so that it points upstream with reduced fiber bundle

diameters in the tip region

Measurement of both turbulent temperature and concentration
data over a wide range of Damkohler numbers (frozen to

equilibrium conditions)

Develop a mixing model, based on the experimental results

obtained in part c¢., which predicts the unusually large

111~



_increase in turbulent intensities which have now been

observed.
These areas have been confined to the fully developed turbulent tube flow
case primarily because of the practical importance of such a flow geometry.

Of course, the effect of chemical reaction rates on transport in the case

of other flow geometries should also be explored.
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BS

BW

NOMENCLATURE

proportionality constant relating the light inteﬁsity

incident on the end of the photomultiplier tube to the

resulting voltage output of the tube (intensity/volts)

) ﬁéat transfer area (ftz)

product of extinction coefficient and transmitted light path

length = e;i()\,T),Q,'(g,m"rnoles/lit:er)-1

‘designatedrturboblower setting as indicated by the dial on

the varidrive

band width of ﬁave analyzer (cycleé/sécond or Hertz)
conversion factor relating voltage output of thermocouple to
sensed temperature (volts/°F)

coefficient of discharge of orifiée plaﬁé

total molar concentration of‘the gas system (moles/cm3)

OR)

isobaric specific heat (BTU/lbm
diameter of orifice in orifice plate (ft)

probe diameter (inches)

pipe inside diameter (ft)

averaged binary diffusion coefficient fpr N02-02 and NOZ-NO
systems (cmz/sec)

fluctuating voltage (volts)

fluctuating voltage with signal and noise information (volts)

fluctuating voltage with only noise information (volts)
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hl

h"

voltage applied to heater at location of test probes (volts)
ihstantaneous voltage from thevsample beam (volts)
instantaneous voltage from the reference beam (volts)
Fanning friction factor

frequency (cycles/second or Hertz)

- frequency based on test section diameter and centerline axial

flow velocity (Hz)

frequency based on test section length (5 ft) and centerline

axial flow velocity (Hz)

local acceleration due to gravity (ft/secz)
gravitational constant = 32.17 1bm ft/lbf sec2
mass flow rate (1bm/sec ftz)

gain of amplifier(s)

vertical displaqement of liqéid level in manometer
(inbhes H20)

heat transfer coefficient defined by the equation

b= BTU >

2
Te = Tp ftz-sec-oF

heat transfer coefficient defined by the equation
1b

b =g ?H ( m2>

w b séc;ft

heat transfer coefficient for reacting gases defined by the

equation

" = Q ( BTU
b! ftz-sec-oF

-115-



hl"i

heat transfervcoefficienfkdefined by the eéuationw

et ()

sec- ft
w

heat transfer coefficient of a nonreacting gas (equivalent

)

to h) (
ft -sec* F

0.77

‘with N§u = 0.0245 N.-'" for N, = 0.7 (49)

£ £ £
ébecific enthalpy (BTU/lbm)
molar heat of reaction (cal/mole)
normalized specific enthalpy defined'by the equation
(HW -H) T 8

Q, (r, 8./p) ' e .

H

[N o]

activation enthalpy for the decompositibn reaction

2 NO, = 2 NO + 0, equal to 26,900 cal/mole of NO

2 2 2

current through heater at locatiqn of test pfobes (amps)
light intensity transmitted through the gap of absorbing gas
(intensity)

incident light intensity (intensity)

mass flux of species i in the radial direction due to
molecular processes; relative to the mass-average velocity

in the radial direction (gm/cm2 sec)

-116-




" Wise (33)(see Eq. A-13) (cm3/mole'sec)

mass flux of species i in the radial direction due to both
molecular and turbulent transport processes; relative to the

mass average velocity in the radial direction (gm/cm2 sec)

i

thermal conductivity (BTU/ft-hr-oF) ‘ E

forward specific reaction rate constant used by Rosser and

forward specific reaction rate constant used by Bodman (21)(26)

(see Eq. A-14) (related to partial pressures)

’(mole/sec-cm3-atm2)

. . -1
one~dimensional wave number (ecm )

one-dimensional wave number based on test section diameter

(en™)

one-dimensional wave number based on test section’ length
G ££) (em D)

reverse specific reaction rate constant (see Eq. A-lS)-
(cm6/moie2 sec)

reverse specific reaction rate constant used by Bodman (21)
(26) (see Eq. A-14) (related to partial pressufes)

(mole/sec cm3 atm3)

assumed first order heterogeneous decomposition rate for
NO (sec-l)

2 .
flow coefficient for an orifice plate defined by the

equation



TS
L

21

distance from pressure port to dpper level of manometer

fluid_(in)

" estimate of the momentum boundary layer thickness approxi-

‘mated by

Di'
L~ 0
o Q.0276 NRef.

77 73 (em
N
Prf, :

gap width of optical probe (cm)

_length of center test section = 5 feet

length of heater or distance between static pressure ports;

distance in axial direction (ft)
designates a measure of the ratio of the characteristic time

for diffusion to the characteristic time for chemical

reaction defined by the equation (evaluated at centerline

conditions)
. o
2 2 2 3 (h" based on
k . (x )Tk [————————;] - -
FBc . NO2 c §C E(1 - §)"C NRec and NPr |
m =
c cC D (h“}:)z 0. 7)
c ¢ c

mass velocity (lbm/sec)
m modified for an energy transfer situation involving a

finite temperature difference

W= m exp [?571%—:7E]

molecular weight (gm/gm mole)
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L (©

Da
\ IINO

Nlll

(t)
NPe

\
hPr

NRe
Sc

St
c

Damkohler number of the second typevfor NO defihéd'bywthé“” |

2 !
equation: N = /1 = [12/ %2 D](k_ C . ) .
- DII D C € D "NO
NO 2
NO 2
2 . ,
. _ [5G+ B o
D 6 | :
II : ’
N02

Damkohler number of the second type for N02 defined by

% (o)

(t) = 2°¢
Npa T =2
II D k
NO, - 1
2 D c D
Pe ° P12
frozen Lewis number defined by NLe = B —

g
= h ﬁ}i'”

-

Nusselt number defined by N

Nu
Nusselt number defined by N! =g D/ (k/c)). , /
Nub, . P b I,
. ' -, oo !
Nusselt number defined by NNuf. = F D/(k/CP)f. /
Nusselt number defined by NI = h" D/k !
Nuf, . €f| | i B -
. e = ) k -
Nusselt number defined by NNuf, Q D/ ( /CP)f'(ng Hb)

) . —— L
Nusselt number for nonreacting system defined by

NNu = h D/kg

Peclet number defined by N(t)

Pe

il

®!/D k&,
D
Prandtl number defined by N, = C w/k

Reynolds number defined by Nke = DG/p

Schmidt number defined by No = w/p D = NPrg/NLeg
Stanton number defined by
N = QW
st cpc o, U, (T - T)

(time-average tempefatures and velocity)
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St

‘modified Stanton number defined bf

N, = e
Sté P Uc (HW - HC)

(time-average specific enthalpies and velocity)

total systeﬁ pressure (atm) |

~Pressgre drop in system or across flow meter (1bf/ft2)
heat flux (positive if direction of transport is from wall

to fluid) (BTU/hr)

-heat flux density = q/A (BTU/hr-ftz)

radial distance from the center line of the tube to a point
of interest (ft)

'né; rate of disappearance of réactént épééiés ir[fér tﬁé>
reaction 2 A= 3 U, N ﬁas units of (g-mole/cc-sec)])

tube radius (feet)

gas constant equal to 10.731 £e3 1bf/in2 1b mole °R =

1.987 cal/mole °K = 82.06 cm> atm/mole °K

time (min)

normalized témperature (for case of bulk gas comsisting

mostly of NO, — negligiﬂle decbmposition) defined by

2
_'<Cpg>ﬁoz (Tw -D Tw B¢

i
Q, (v, gC/pW)2

o
temperature ( F)
local longitudinal velocity at some location within the

pipe (ft/sec)
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a

s}
It

. mass average velocity defined by U= m/pb 7 ri (ft/sec)

distance between two locations of temperature measurement (in)

mole fraction of NOé ‘ i

‘distance from the pipe wall to a point of measurement (ft)

mass fraction of species i
normalized distance from the pipe wall'defined by

5
+ _ (Tw gc/pw)

Y (uW/ ) y

‘an expansion factor related empirically to the discharge or

flow coefficient for a gas to that for a liquid at the same

Reynolds number

longitudinal position in test section (ft)

ratio of orifice diameter to pipe diameter ‘ x

-

wall roughness (rms inches)

turbulent eddy diffusivity for energy transfer defined by

€y = [(Qw/p Cp)(l - gti] (- %%);j - EEE; (ftz/sgc)

modified turbulent eddy diffusivity for energy transfer

defined by

: = -1
= oL _éﬁ..) - _l(...__ 2
€n [(Qw/p)(l - )] ( 3y 5 G (ft°/sec)
. 0 z P .
turbulent eddy diffusivity for momentum transfer ééfined by

- -1 ’
— 29U 2
€y = [(Tw gc/p)(l - -rzo-)] 5—};) ] - % (£t /sec)
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€, =  turbulent eddy diffusivity for momentum transfer in a non-

reacting (or "locally" frozen).flow (definition as for'eM) |

(ftz/sec)
€ =  turbulent eddy diffusivity for mass transfer defined by
f‘h = ) ay -1 B
e = [J.(t)/p] (- __Z) -D (ft2/sec)‘
.. m i oy
: . o : Z :
eNO OLT) = extinction coefficient for NO2 at wavelength, A\, and
2
- temperature, T [(mole/l/iter)-1 cm-l]
il = ratio of equilibrium to frozen thermal conductivities
= k/k
| | 1 |
nt " = ratio of equilibrium to frozen isobaric specific heats
n' = c¢,/c
PP
g
[l = . linear average of T and T'
T = IL%;jll
A = wavelength of light (angstroms)
X997 = pipe diameters downstream from entrance to test section

(where zone of constant wall heat flux begins) at which the
reaction rate reaches a constant value with axial position;

defined by (20)
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diménsionless temperature differencé‘defiﬁéd by -

. ¥
) . B (T - T)
e T 2
RT
c

viscosity (lbﬁ/ft sec)

a dimensionless temperature level defined by the equation
_ t
b = RTC/H

degree of advancement of a chemical reaction, for 2 A= 3 U,

| 1 - XNO2
£ = == (gm moles)
X
NOZ
R 1+ 5

mass density (1bm/ft3)
shear stress (lbf/ftz)
characteristic chemical reaction time (sec)

.
(7! ) "= k. C
CN02 D N02

characteristic molecular diffusion time (sec); for example

heat transfer coefficient ratio defined by ¢ = h"/h*

[h* based on N and Np, = 0.7 (49)]
£ f
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a function of the reaction rate parameter - characteristic

X ! =
diffusion length product {4
L= {1 N tanh (wc H k- kg] }
- M, D ke
¥ = reaction rate parameter defined by (13)
~ . ) -~ ;
V= k. (k- k) \RT i
. g g |
eé(f) = rms fluctuating temperature at frequency f (OF/cps)
V) = (o2 (£y7%
81 (f) = [6,(5)]
eé(f) = rms fluctuating concentration at frequency £ [(moles/liter)/cbs]
@é~ = total rms fluctuating temperature (over the entire frequency
o , o
range) (F)
@; = total rms fluctuating velocity (over the entire frequency
range) (ft/sec) .
8' = togai#;;;—éiuctuating concentration (over the entire frequenc
c ;

range) (moles/liter) ' ' g

Superscripts:

' = refers to the use of an enthalpy reference rather than a
temperature reference film condition

= root mean square value of a fluctuating quantity

refers to orifice plate measurement, property based on

orifice plate measurement; or parameter derived from

nonreacting flow experiments

Subscripts:

A = refers to the cross sectional area of the pipe wall or to

the upper static pressure port
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cs

fl

it

B |

I

1l

refers to propertieg of the bulk gas
refers to the lower staticvpressure port
refers to a value corrected for instrument error or to
properties evaluated at the pipe center line temperature
refers to control settings (bapk wall of test section or
bulk gas before the entrance plenum)

chemicai gquilibrium state

refers to propérties evaluated at the film temperature
‘defined by T = (Tv; +T,.)/2

refers to properties evaluated at a film temperature
corresponding to Hf = (HW + Hb)/2 e

designates frictional pressure drop

refers to the gas used to pressurize instrument lines /
refers to the period of time during which the heater at the
probe location was on

refers to insulation or to the inside pipe dimensions
refgrs to 1ongitudina1 measurements along the pipe wall
average value

refers to the manometer or manometer fluid

refers to measurements made at the outer pipe wall

Aorifice plate (flange taps, square edged orificé)

pitot tube (or total head - static pressure)
static pressure (at wall along tube length)

refers to the total quantity or total time interval
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w o = refers to measurements made at the inside pipe wall of the
test section
1,2 = denotes different radial positions in the test section

insulation; or 1 = upstream position, 2 = downstream

position

g . = refgrs to a property evaluated at frozen conditions

® = refers to bulk gas conditions before entering the test
section

QOverlines:

- : = refers to a value averaged over the length of the pipe

|
n

time average

Mathematical Symbols:

it

1n natural or Naperian logarithm

m 3.1416
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APPENDIX 1

EQUATIONS FOR DATA REDUCTION

Energy Transport:

e . ’
H == S °ru p Hdr - (A-1)

_ |
T, y = temperature corresponding to Hb

— [ —— D R

- ro
i m= 2 S r up dr (A-2)
"“o
¢ =— 2 (A-3)
mr
ho)
20 CY Ly '
% w4 1 , v -
m = 2g p, (AP) A-4)*
4 {(1 _ 54)%}[ c 1 op] . ( {
- 3 - -
u=1l2g P /r] . (a-5) -
e L Tt e TR T e
sp m " Pg) T KA Py B g
(A P)F _ & P)Sp mz 1 1 g -
L T T T a2 ln T dTe P (A-7)
gg (Mr) by Thy” c .

o N (A-8)
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SZ :
p, d z
Py L : - );
, | ) - g . )
BBy o pe =L B (g - 9) ] = (a-10)
. D, g (A P) .
R T T = 1 c - F
i Fansfom '[l — Uz'] ; (A-11)
7 Lz Y, ‘
D,
TwTEL ¢Py -1
Kinetics Parameters* (2 NO2 2 2 NO + 02):
f'k”-';f:l'(;iz’.éae [;zgzéoo ] o [ e ] o 13)‘
b - %PLTRr T J L gmomole sec J o
k. .
ky = Dz;kR=kR3=kF/K(T) (A-14)
B (RT) B (RT) B P

_For 2NO, ® 2NO + O, approximated by 2A = 3U

; 2 2
% - |
-T = [ ] = <k _C + k. C (A~15)
NOZ dt chemical D NOZ RT
) reaction
C = P/RT . (A-16)
i E ) . .
| oy~ (1 atm) :
% D (T,P) = (P atm) D (T,1 atm) | (A-17)
) DNOZ-NO + DN02-02 ,
D (T,1 atm) = [ 5 ] (A-18)"

T,1 atm

* .
Values obtained from reference 26.
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Concentration Calculations:

1 ‘ — :
T = exp (- € £ Ci) Ci =C; + c; I=akE (a-19)
o i
Time-~Average Concentration:
For ¢ small,
g, = - Bl' 1n = (a-20)
- - i Eo
For ci large, . )
E
. E ;
C, > -t In . (a-21)
top. by 7 |
- [1 + "i— Cijr
RMS Concentration at Frequency, £ (e/E small):
: ! - ! .
) ;'f; ;}A,J " L Z:f oy e e [(eS)Air (eS)NOZ:]f T “"!
R =Ry o o Qé (f) Z » — : (A-222
NO, G, (bN02 E/Gl) (BW) i
|
1 |
e =[Celiiy - @7 (a-222)
s'f . ®stw’air T ‘N Tecd)
Air f ;
1 %
e, =[Chpi, - 0] (a-221)
St SN NO N -
.. . TNo, 2 £ .
2 i
G1 = 100 ; G2 = lQ !
Total RMS Concentration (e/E small): é
, ety
[ (eg)pir = (69 N02]
@é = — (A~23),
i
| NOZ G, (bN02 E/G’1)> |
Fluctuating Temperature:
— —_— L
e2 _ 2)2
: SN N £ 5 %
8l (f) = —= = [elo) ] (a-24)
CG(BW)*
2 ")2 L
y e - e a1
@é _ S+N N - \:®i] (A-25)
CG .
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BW

12,600

5.34 x 107 volts/%F (Pt/Pt-10% Rh @ ~ 800°F)

5,52 Hz

kl - 2 2 f
U
2 U 2
Qt(kl) 2. et(f)

2 m 2 1
=& . % = £ T
D 1 £

. LTS TS
_U. . .U
D D ﬂTS zTS
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10.

‘Gases.
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